ABSTRACT: The location of mating grounds used by Endangered North Atlantic right whales Eubalaena glacialis has eluded discovery despite centuries of whaling and decades of marine mammal surveys. If this species' gestation duration is similar to the closely related southern right whale E. australis, then conception for the North Atlantic right whale occurs in the boreal winter. Between 2002 and 2008, aerial surveys identified half the North Atlantic population in the central Gulf of Maine between November and January. Generalized linear models indicated that significantly higher proportions of both known fathers and conceptive females were present in this region compared to most other areas seasonally inhabited by right whales. Their presence in the central Gulf of Maine during the estimated conception period strongly suggests that this region is a mating ground for the species. Roseway Basin, on the southwestern Scotian Shelf, also had high proportions of reproductive whales and may be the site of some conceptions if right whale gestation extends to 14 mo.
INTRODUCTION
The North Atlantic right whale Eubalaena glacialis is among the most endangered marine mammal species in the world (Reilly et al. 2012) , with roughly 500 individuals (Pettis 2012) ranging along the eastern coast of the USA and Canada (Reeves et al. 1978 , Winn et al. 1986 , IWC 2001a . Mortality from collisions with vessels and entanglement in commercial fishing gear threaten the population's survival (Caswell et al. 1999 , Moore et al. 2004 , Kraus et al. 2005 , Knowlton & Brown 2007 ). The population is monitored using photographs of natural markingsskin callosities, pigmentation, and scars -that are unique to each individual (Kraus et al. 1986a , Hamilton et al. 2007 ). Extensive aerial and vessel survey effort throughout the right whales' range provides a nearly complete census each year, with estimated annual re-sighting probabilities ranging from 75 to 90% during the study period (National Marine Fisheries Service unpubl. data).
Intensive study over the last 30 yr has led to many discoveries about right whale habitat, behavior, and demography (e.g. Kraus & Rolland 2007) . However, knowledge of right whales' seasonal distribution remains fragmented, and until recently there was no indication of the location of their mating grounds. In general, most of the population spends the boreal spring and summer on feeding grounds off the northeastern USA and Canadian Maritimes (e.g. Winn et al. 1986 , Kenney et al. 2001 ). In late fall or early winter, pregnant females migrate to waters off the southeastern USA to give birth (Kraus et al. 1986b) . Most mothers of the year are detected during intensive aerial surveys that are conducted during December through March off the coasts of Florida, Georgia, and South and North Carolina (Kraus et al. 2007 ). Mothers and calves return to feeding grounds in early spring (Kraus et al. 1986b , Hamilton & Mayo 1990 , and calves continue to accompany their mother for a year following birth (Hamilton & Cooper 2010) .
After weaning, mothers 'rest' for a year or more, presumably rebuilding energy stores prior to conceiving again. This rest period is variable, and 8 or more years may pass between the detected calving events of some females (Hamilton et al. 1998 , Knowlton et al. 1994 , Kraus et al. 2001 , 2007 . Adult females are not typically seen on the calving grounds the winter before or after calving, and both resting and pregnant females are sighted significantly less often on the known feeding grounds than males, juvenile females, and lactating mothers (Brown et al. 2001) .
Sightings data, and analyses of mitochondrial DNA (mtDNA), suggest that there is seasonal subdivision of the population in relation to summer feeding ground use by mothers. Specifically, nursing mothers tend to show preference for different feeding grounds, with some females that preferentially bring their calves to the Bay of Fundy and other females that preferentially bring their calves to another -as yet unidentified -summer feeding area or areas (Schaeff et al. 1993 , Malik et al. 1999 ). This differential summer feeding area use by mothers is passed from mothers to their offspring and results in significant differentiation of maternally inherited mitochondrial haplotypes between calves born to mothers with different habitat preferences (Schaeff et al. 1993 , Malik et al. 1999 . However, despite this seasonal subdivision regarding feeding ground use, nuclear markers (microsatellites) do not show differentiation between these 2 groups, which suggests 1 interbreeding population. Little is known about exchange with any remnant population from the eastern North Atlantic (see Brown 1986) .
Speculation that conception occurs between November and February is based upon estimates of a 12 or 13 mo gestation period by Best (1994) for southern right whales and sightings of North Atlantic neonates off the southeastern USA, which peak between December and February (Kraus et al. 1993 , Kraus & Rolland 2007 , Hamilton & Cooper 2010 . Reproductive behavior is typically manifest in what are termed 'surface-active groups' (SAGs). These consist of a central female surrounded by competing males (Kraus & Hatch 2001) who are probably attracted from some distance by her vocalizations (Parks 2003) . The female swims on her back with her belly above the surface while males jostle for the opportunity for intercourse (Kraus & Hatch 2001) . Although there is a distinct peak in right whale calving, apparent courtship behavior in SAGs occurs throughout the year and throughout the right whales' known range (Winn et al. 1986 , Parks et al. 2007 . In an analysis of SAG sightings in which all participants were identified, only 47% of SAGs contained both an adult male and an adult female (Parks et al. 2007) , suggesting that such behavior is also a general social activity for right whales (Best et al. 2003 , Parks et al. 2007 ). Because observations of SAGs are not indicative of conception, characterizations other than behavior must be used to infer mating grounds.
Here, we provide support for a hypothesis that the central Gulf of Maine is a mating ground for North Atlantic right whales, by comparing proportions of females giving birth the following year -termed conceptive females -and the proportions of genetically identified fathers within each geographic region that the whales inhabit throughout the year. Candidate mating grounds are identified by the presence of significantly higher proportions of both conceptive females and fathers in regions inhabited by right whales during the inferred conception period.
MATERIALS AND METHODS

Surveys
Surveys for right whales along the eastern seaboard of the USA and Canada have been conducted by many organizations using both planes and boats since the late 1970s, and right whale sightings and individual identification data have been shared through common databases. The regions used in our analysis were delineated by the North Atlantic Right Whale Catalog (a photo-identification catalog of individual right whales, maintained at the New England Aquarium in Boston, USA), which enclose seasonal right whale sighting locations. The catalog used sightings data collected over a 15 yr period to refine the contiguous regions originally drafted by Winn et al. (1986) . The regions in our analysis included: (1) the Bay of Fundy, (2) the Great South Channel, (3) Jeffreys Ledge, (4) Massachusetts and Cape Cod Bays, (5) Roseway Basin, (6) the southeastern USA (defined as the waters off Georgia and Florida), and (7) central Gulf of Maine (bounded by 42°50' to 43°45' N and 67°54' to 68°54' W) (Fig. 1) . We drew the boundaries of the central Gulf of Maine region to enclose our winter sighting locations within the much larger Gulf of Maine region identified by the catalog and Winn et al. (1986) .
From From 2002 to 2006, the NOAA aerial surveys were broad scale and systematic to provide coarse coverage of all offshore waters north of 41°21' N and west of the Hague Line, the eastern boundary of the USA Exclusive Economic Zone. These surveys were conducted to chart right whale distribution throughout this extensive area (approximately 247 000 km 2 ) and to identify where right whale presence persisted outside of established habitat protection zones and time frames (Cole et al. 2007) . From 2007 to 2008, the NOAA surveys covered areas where right whale presence was consistently detected during the broad-scale surveys. The primary objectives of these latter surveys were to establish the seasonality of right whale occupancy in the regions of the Gulf of Maine and to maximize the number of individual right whales photo graphed for mark-recapture analyses. These regions included the central Gulf of Maine, Jeffreys Ledge, and the Great South Channel. We flew a total of 162 h within the central Gulf of Maine region during the period 2002 to 2008, including time spent both on survey lines and circling for photographs. Sixtysix of these hours were flown during the primary period of right whale presence in the central Gulf of Maine (November through January); 60 of the 66 h were flown after 2004.
The NOAA surveys were flown at an altitude of 750 feet (230 m) and 100 knots (185 km h −1 ) using high-winged aircraft. An observer stationed on each side of the aircraft had a clear view of the water from directly in front to perpendicular to the aircraft's heading through large bubble windows. When right whales were sighted, the plane broke from the survey line and circled above the whales to collect photographs for individual identification. A digital SLR camera with a 300 mm lens was used from an open window near the back of the plane. Effort was made to photographically capture all right whales sighted during surveys. Similar methods were used during aerial surveys for right whales conducted by other organizations in the other regions. During boatbased surveys in the Bay of Fundy, Jeffreys Ledge, and Roseway Basin areas, a greater proportion of time was spent photographing whales.
Individual identification
Individual right whales were identified from photographs of their unique callosity patterns -cornified skin around the head colonized by light-colored Cyamidae -as well as scars and natural pigmentation patterns on the body , Kraus et al. 1986a . Images collected during surveys were compared and matched to individuals identified in (Brown et al. 1991 (Brown et al. , 1994 , or, for females, by extended calf accompaniment (Knowlton et al. 1994 ).
Demographic comparisons among regions
We hypothesized that a region serving as a mating ground would have a greater than expected proportion of reproductively successful individuals. Therefore, we calculated the proportions of females that became mothers the following winter versus all identified females, and the proportions of previously successful fathers versus all identified individuals within each region seasonally occupied by the whales from 2002 to 2008. These proportions also provided an adjustment for survey effort, which differed by an order of magnitude be tween some re gions and likely had the greatest effect on the probability of photographically capturing individuals present. Any perception bias (i.e. differences in sighting conditions or platform performance; Marsh & Sinclair 1989) be tween regions was mitigated by shared quality control measures and the summing of unique individuals sighted in each area each year, effectively averaging the conditions over the months of photographic capture effort for each region. Availability bias (in this instance behavioral differences between whales; Marsh & Sinclair 1989) between regions or demographic groups was assumed to not have an effect on the proportions because the regions or groups would be affected equally.
We noted each identified individual present in each region each year. Successful fathers were identified through genetic analyses by Frasier et al. (2007) , with additional paternity assignments by the same laboratory completed through 2006. Mothers were identified by consistent association with a calf (after Knowlton et al. 1994) . We then scored females as conceptive for a 12 mo period from 1 March the winter before giving birth back a full year to 1 March 2 winters before giving birth, which in many cases extended the period back 2 calendar years prior to calving. For example, a female sighted with a calf in January 2009 would be scored as 'conceptive' during the period 1 March 2008 back to 1 March 2007 (Fig. 2) . This extended conceptive period is not an established biological time frame in right whale life history, but a means of comparing the proportion of conceptive females in all regions with right whale sighting data. In contrast to the categorization of the females' reproductive status, fathers were scored as fathers in all years regardless of the year of birth of identified offspring. This 'once a dad, always a dad' metric was used because of the relatively low number of paternities assigned and the delay in paternity assignment (genetic samples need to be collected from both the calf and the father).
A different denominator was used for calculating the proportions of conceptive females because the variation in conceptive female counts is dependent upon the previous 2 yr of a female's reproductive cycle; conception follows a year of lactation and at least 1 yr of rest. For males, the number of identified fathers was relatively constant, or at least there was very little identified biological variation, and newly identified fathers were rare. Known fathers were therefore a relatively constant fraction, and sample variance was reduced by using the larger denominator of all individuals identified in a region in a year. We fitted generalized linear models (logistic regression models) to the proportions of conceptive females to all identified females and to the proportions of known fathers to all identified individuals, using year and region in different configurations as explanatory variables. Year was included as an explanatory variable be cause of annual variation in the population's reproductive output. The small sample-adjusted Akaike information criterion (AIC c ) was used for model selection (Anderson 2008) , and a ztest was used to identify significant differences between the central Gulf of Maine and the other regions. Table 1 presents the numbers of unique female and male North Atlantic right whales Eubalaena glacialis sighted by all surveys in each region and each year during the study period. The NOAA surveys in the central Gulf of Maine photographed 212 different right whales over the 7 yr period, representing roughly half the population (a minimum population estimate of 361 whales is based upon a count of recognized individuals known to be alive in 2005; Waring et al. 2010 ). Matches to the catalog found 102 males, including 26 known fathers. Forty-three females were identified, including 12 females who gave birth the winter after their visit to the central Gulf of Maine. Present were both females that in summer preferentially bring their calves to the Bay of Fundy and females that preferentially bring their calves to feeding grounds yet to be discovered.
RESULTS
Based on the AIC c applied to the generalized linear models of proportions of both known fathers to all identified individuals and conceptive females to all identified females, we found that only models with both region and year were plausible. The preferred model for fathers indicated by the AIC c scores coupled region with year as a continuous variable (Table 2) . However, 2 other models had modest support relative to the preferred model. One of these used year as a continuous predictor, allowing different slopes for each year; the other used year as categorical variable interacting with the region. The preferred model showed that the proportion of fathers was higher than expected for the Jeffreys Ledge, central Gulf of Maine, and Roseway Basin regions (Fig. 3a) , while in the southeastern USA the proportion was lower than average. Because the line was fitted, it extended through 2003 and 2004, when there was little survey effort and no fathers were sighted in the central Gulf of Maine region.
For conceptive females, the best model included additive effects of region and year treated as a categorical variable (Table 2) . From the preferred model, the estimated fraction of conceptive females showed considerable annual variation (Fig. 3b) (Fig. 3b) . Lower proportions than average were seen in the Bay of Fundy, Jeffreys Ledge, and the southeastern USA.
Comparing the results of both sexes identifies both Roseway Basin and the central Gulf of Maine as having significantly higher proportions of both known fathers and conceptive females. Jeffreys Ledge had a high proportion of fathers, but a low proportion of conceptive females. The southeastern USA had low proportions of both fathers and conceptive females.
DISCUSSION
Our discovery of North Atlantic right whale aggregations in the central Gulf of Maine during the presumed period of conception (November through January), coupled with significantly larger proportions of reproductively successful males and females, strongly suggests that this region is a mating ground for the species. The presence of females of 2 seasonal subpopulations -those that as calves were brought by their mothers to the Bay of Fundy, Nova Scotia, and those that were brought to other feeding grounds -suggests that this region is used by the entire population. Since this appears to be 1 interbreeding population, we would expect any mating ground to be shared. Right whale presence in the Jeffreys Ledge region also extends into the presumed conception time frame, with sighting numbers peaking between October and November (Weinrich et al. 2000) . However, although we found a high proportion of known fathers in this area, the proportion of conceptive females was significantly lower there than in the other regions, with the exception of the Bay of Fundy and the southeastern USA. This echoes the findings of Brown et al. (2001) of spatial segregation of reproductive females from adult males and juveniles of both sexes. This finding also demonstrates the ability of our proportion metric to detect differences in the demography of regions outside of the southeastern US calving grounds during winter.
The proportions of reproductively successful individuals seen in the central Gulf of Maine were not significantly different from the proportions identified in Roseway Basin. However, the available acoustic detection and sighting data indicate that right whales occupy Roseway Basin in September and October and are absent by early November (Mitchell et al. 1986 , Winn et al. 1986 , Mellinger et al. 2007 ). Since neonate sightings peak between December and February, right whale presence on Roseway Basin falls outside of a 12 or 13 mo conception period derived from the gestation durations calculated by Best (1994) for southern right whales. However, if right whale gestation lasts closer to 14 mo, the peak conception period for North Atlantic right whales would extend back into October, when Roseway Basin had high detection rates.
A 14 mo gestation period for right whales is plausible. Fetus length data collected during modern whaling have provided gestation period estimates for many whale species (e.g. Lockyer 1984); however, the North Atlantic right whale was commercially extinct before modern whaling record-keeping, and few fetus data are available. The gestation period of the closely related southern right whale was estimated by Best (1994) using records of 221 fetuses collected during commercial whaling (208 of which came from illegal Soviet whaling in the early 1960s; see Tormosov et al. 1998 ), who applied Laws' (1959 adaptation of the Huggett & Widdas' (1951) linear fetal growth model. The resulting estimates of 11.7 or 13.0 mo (357 or 396 d) do not represent a prediction interval, but were obtained by applying 2 different values to accommodate an initial, nonlinear phase of fetal growth (a t 0 of 0.1 or 0.2, respectively). But Reese et al. (2001) argue that Laws' (1959) simple linear regression is problematic and underestimates the duration of gestation. To estimate the gestation period of bowhead whales Balaena mysticetus, Reese et al. (2001) used Laws' linear model with measurements from 23 fetuses and 3 neonates collected since 1969 at Point Barrow, Alaska, and estimated a gestation period of 13.2 mo. They calculated a 90% prediction interval of 11.0 to 17.8 mo. They also developed a Bayesian hierarchical nonlinear model (including neonates) that estimated a mean gestation period of 13.9 mo, with a 90% prediction interval of 12.8 to 15.0 mo. This later, more sophisticated model for bowheads suggests that right whale gestation may extend beyond the estimates of Best (1994) , pushing the conception period -at least the initial weekswithin the time frame of the right whales' presence over Roseway Basin.
But while sightings and acoustic data show right whales continue to occupy Roseway Basin through October, photographic captures of individuals there have not extended past September. Most of the fathers and all of the conceptive females identified in the Roseway Basin region were sighted between June and September, 15 to 17 mo before the start of the calving season. It is unknown if the higher proportions of reproductively successful individuals are still present in Roseway Basin when conceptions may start given a longer gestation period. In the central Gulf of Maine, both sightings and acoustic detections were highest from November through January (Bort 2011, T. V. Cole unpubl. data), which fits well within the peak conception period back-calculated from neonate sighting dates.
At least a few pregnancies begin outside of any estimated conception period. Neonates have been sighted as early in the calving season as 24 October and as late as 2 June (Watkins & Schevill 1982 , Patrician et al. 2009 , and SAGs containing at least 1 adult male and 1 adult female have been recorded in all months of the year (Parks et al. 2007) . Given that there is no evidence of delayed implantation in right whales (Lockyer 1984) , neonates seen in April would have been conceived between February and April, outside the apparent period of right whale residency in either the central Gulf of Maine or Roseway Basin. However, sightings of neonates outside of the December through March calving period are atypical.
We acknowledge that conceptions may occur outside of the central Gulf of Maine region during the inferred conception period, and that this population may have other, as yet undiscovered, mating grounds. Survey effort was not sufficient to confirm the absence of any individual from another region, and a whale moving at an average speed of 79 km d −1 (Baumgartner & Mate 2005) could have conceivably visited several of the identified regions within a week. Conceptions could have happened wherever a conceptive female and adult male were both present.
A longer time series of data is needed to establish the stability of this region as a seasonal habitat for right whales. Prior to 2005, there was relatively little marine mammal survey effort in the central Gulf of Maine during winter. The most comprehensive data component of the Winn et al. (1986) analysis of right whale distributional biology was collected by the Cetacean and Turtle Assessment Program (CeTAP; Winn 1982), which completed < 3 h of wintertime aerial survey effort within the 1° quadrat that contains the region where we discovered right whale aggregations. If having an abundant food resource is an important element for a right whale mating ground, the whales' use of the central Gulf of Maine could collapse as it did for Roseway Basin during the 1990s. Patrician & Kenney (2010) correlated the absence of right whales on Roseway Basin from 1993 through 1999 with low summer abundance of their primary prey in that region -older stages of the Calanus finmarchicus copepod (Baumgartner et al. 2003) . Conversely, right whale sightings in the Bay of Fundy increased dramatically during this period (Patrician 2005) . If food is the sole driver of right whale habitat selection in winter outside of the calving grounds, the location of any mating grounds would be dynamic in response to variations in prey abundance and quality. If the central Gulf of Maine's attraction to right whales is driven by social factors, such as providing a central mating arena for whales with different feeding area preferences, right whale presence in the region may be more stable across years.
Recovery of this Endangered species depends upon successful reproduction, but their current rate of reproduction is 3 times lower than expected compared to known rates from recovering populations of southern right whales (Best et al. 2001 , Cooke et al. 2001 . The reasons for this are not known, but may include a low level of genetic variability and/or inbreeding, effects of disease, food supply limitations, biotoxins, pollutants, or habitat loss (Knowlton et al. 1994 , IWC 2001b , Kraus et al. 2001 , 2007 , Frasier et al. 2007 . If right whale mating depends in part on the ability of females to call in males (Kraus & Hatch 2001) , increased noise pollution from coastal development may mask courtship vocalizations and thereby affect reproduction (Clark et al. 2009 ). Delineating the right whale's conception period and mating grounds is an important step towards addressing this potential impact.
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